We provide novel evidence for a two-stage model of visual search applied to the selection based on topdown cues to stimulus colour and orientation. The model supposes that visual displays are first parsed into colour based groups, a process that is modulated by the presence of an initial cue to the target's colour. Subsequently search is directed to other featural properties represented within the colour-based groups. Cues to the orientation of the target are only effective at this second stage. The results provide strong evidence that colour and orientation cues operate in different ways to guide search.
Introduction
Searching the visual world is a complicated process, as typically there may be many objects competing for both our overt attention (where we move our eyes) and covert attention (which objects are selected for further processing). The efficiency with which we detect a search target is affected by our prior knowledge, such as knowing the colour or shape or what you are looking for. If this knowledge is correct, the target can be found quickly. Conversely, target detection is slowed by incorrect information. We term this difference between valid and invalid information a 'validity effect'. Previous studies (Anderson, Heinke, & Humphreys, 2010 Müller, Riemann, & Krummenacher, 2003) have demonstrated that cues carrying information about the colour of the target lead to a larger validity effect compared to cues about target shape and orientation. Anderson, Heinke, and Humphreys (2010) suggested that such differential effects of cues are due to more efficient parsing of the display by colour following colour cueing, relative to the corresponding operation with orientation cues. However, how such processes are implemented during search is unclear. For example, do colour and orientation cues use qualitatively different mechanisms or do they differ solely in a quantitative manner, in the efficiency with which the same processes operate? To investigate the guidance following cueing, the current study measured eye movements as well as overall search speed, relative to an uncued baseline (Anderson, Heinke, & Humphreys, 2012) . By tracking gaze patterns, the study can uncover how guidance from the cued information is implemented across time -particularly in relation to variations in the numbers of items making up subsets of colour-and orientation-defined distractors.
Search efficiency has traditionally been measured using overall speed of target detection (response times or RTs) and/or accuracy of this measure, however an increasing number of studies record eye movements to gain a finer-grained analysis of search (e.g., Findlay, 1997; Findlay, Brown, & Gilchrist, 2001; Hannus et al., 2006; Rutishauser & Koch, 2007; Shen, Reingold, & Pomplun, 2000; Williams & Reingold, 2001) . For example, during search to a target defined by a conjunction of features, it has been demonstrated that initially inaccurate fixations (e.g., not on the target) typically fall on distractors whose features overlap those of the target (e.g., Findlay, 1997; Findlay, Brown, & Gilchrist, 2001; Shen, Reingold, & Pomplun, 2000; Williams & Reingold, 2001) . Also, for displays with uneven ratios of distractor, eye movements are preferentially directed to smaller subsets of items with the same feature as the target (Shen, Reingold, & Pomplun, 2000) , resulting in search facilitation when the target is in the subset (Bacon & Egeth, 1997; Egeth, Virzi, & Garbart, 1984; Kaptein, Theeuwes, & Van der Heijden, 1995; Sobel & Cave, 2002) . Such subset search is usually thought to reflect bottom-up guidance from local stimulus-stimulus disparities. For example, Sobel and Cave (2002) required observers to search for a red vertical target amongst differing ratios of red vertical and green vertical distractors. Search to a target in a subset of distractors was not only speeded (Experiment 1) but this occurred despite participants being explicitly instructed to restrict search to a particular feature group (Experiment 2). However, in addition to any effects of bottom-up guidance, subset search may be the consequence of top-down guidance when the target is a known item, as it was in Sobel and Cave. The interplay between bottom-up and top-down effects in subset search was examined here.
Conjunction search is also affected by the discriminability between the target and the distractors within each dimension defining the target. Differences in target and distractor colour, in particular, have been shown to be critical (Poisson & Wilkinson, 1992; Williams & Reingold, 2001; Zohary & Hochstein, 1989) . For example, Williams and Reingold measured eye movements during search for targets defined by three features, while varying the discriminability of stimuli along one dimension; shape. Search targets were a conjunction of colour (red vs. blue), orientation (upright vs. rotated 90°clockwise) and shape, with discriminability within the shape dimension either high (C vs. T) or low (E vs. F). Target identity remained constant for each participant. Fixations were more likely to land on distractors with the same colour as the target compared to those sharing either of the other two dimensions. The colour bias was more pronounced when the discriminability of the stimuli within one of the other dimensions (shape) was more difficult (E vs. F), with the shape dimension only guiding behaviour when participants were searching for a C vs. T. Search efficiency may therefore be determined both by the features matching the target and the discriminability of features within target-defining dimensions.
Few studies, however, have separated whether the differential effectiveness of contrasting features reflects the operation of stimulus-driven biases (e.g., discriminability) and top-down bias. An exception is the study of Anderson, Heinke, and Humphreys (2010; cf. Hannus et al., 2006) . Anderson et al. presented cues prior to a colour-orientation search with two possible targets. On 80% of the trials the cues matched the colour or the orientation of the target (there was a mismatch on 20% of trials). Crucially, colour and orientation targets had been balanced for search efficiency within the two target-defining dimensions (see also Bacon & Egeth, 1997) , so that bottom-up differences in colour and orientation-defined targets were minimised. Search behaviour was affected to a greater extent when colour information about the target was presented. There was greater facilitation when the target matched the cue colour compared to when it matched the orientation cue. Conversely, there was an increased slowing of search when cue and target did not match in colour compared to when there was an orientation mismatch. Humphreys (2010, 2011) proposed that the cue guided segmentation of the displays into colour groups more efficiently than segmentation into orientation groups, enabling search to be initiated more rapidly in the cued colour groups. The authors suggested that difference in efficiency may be due to stronger grouping of items by colour (Anderson, Heinke, & Humphreys, 2012) , so that, following a cue, there is less of a drain on resources when restricting search to a colour subset (Egeth, Virzi, & Garbart, 1984; Found & Müller, 1996; Geyer, Müller, & Krummenacher, 2006; Geyer, Shi, & Müller, 2010) , relative to processing items with the same orientation. Whether an interaction between the top-down cue and stimulus-based grouping is critical for the efficiency of colour cueing was not tested. This is done in the present study, where we also evaluated eye movements to provide critical new information on the time course of search within a trial.
We assessed how cue-initiated top-down guidance develops during the course of search and interacts with stimulus-driven biases, and whether these interactions evolve differently for different types of cueing information (e.g., the colour or orientation of the target). To this end, we pitted the effects of cueing against the preference to search minority subsets (cf. Sobel & Cave, 2002) , using a similar methodology to Anderson, Heinke, and Humphreys (2010 , 2012 whilst also recording participants' eye movements. Colour cueing may over-ride the bias for search to progress via the minority subset of distractors matching the target, directing eye movements to cued items instead. In contrast, orientation cueing may be less successful in overcoming stimulus-driven effects and less effective in guiding search. How the effects of the colour and orientation cues interact with subsets of each type of distractor can also be informative about whether colour and orientation search differ quantitatively or qualitatively, in terms of the time course over which the different cues operate.
The current study
During the current experiment, participants searched for either a blue horizontal or green vertical bar target, with blue vertical and green horizontal bar distractors. During pilot studies, we adjusted the colours of the stimuli to balance search for colour-and orientation-defined targets (see Anderson, Heinke, & Humphreys, 2010 ; for details; Table 1 shows the resulting colour values). Prior to each search, a cue was presented whose featural information either matched (on 80% of the trials) or did not match the colour or orientation of the target in the following array (on 20% of the trials). The contrast between these two conditions (the cueing effect) was compared to performance in a separate block of neutral uncued trials, where no cue was presented.
1 We refer to the cue manipulation as a top-down factor, as it changed which feature was weighted as more likely to occur on a trial. We note however that this cue would combine with the constant foreknowledge of the colours and orientations making up the targets in the experiment, and so the cue effects may operate on top of a constant topdown bias for set the set target colour and orientation. The distractor ratio was manipulated so that, in the absence of top-down biases, attention would be drawn to the minority distractor group in a bottom-up manner (see Sobel & Cave, 2002) . However, if colour or orientation cueing were to over-ride smaller subset search, we would expect search to be directed towards items matching the cue, not those matching both the target and smaller group of distractors.
Method

Participants
Nineteen University of Birmingham students, one male, aged 18-21 (average age 18.89) took part in return for either course credits or money. All had normal or corrected-to-normal eyesight.
Design
There were four main independent variables: display type (see Section 2.5 for details), cue validity (valid, neutral, invalid), cue dimension (colour, orientation), and target type (blue horizontal, green vertical). 
Apparatus
The stimuli were presented on a display PC with a 22-in. colour CRT monitor (ViewSonic P225f, 2004) . The stimuli were generated by an E-Prime program (Schneider, Eschman, & Zuccolotto, 2002) at a screen resolution of 640 Â 480 that recorded RTs and accuracy via a standard UK keyboard. Audio feedback was provided by stereo Genius speakers. Participants placed their head on a chin rest .6 m from the screen, in a dimly lit room with windows blackedout to avoid luminance changes. The chin rest and monitor heights were adjusted so eye gaze was central to the display screen. Eye movements were recorded using an SMI infra-red Remote Eyetracking Device III (SMI RedIII; SensoMotoric Instruments GmbH, Germany 2002 -2004 . The gaze position accuracy was .5°, with sampling rate 50 Hz. The eye-tracking camera was linked to a separate PC to the one displaying the search stimuli. IViewX (version 1.07.00) software was used to calibrate the camera and collect data, and was synchronised via an Ethernet cable with E-Prime on the display PC.
Stimuli
All the stimuli were presented on a grey background. The fixation circle was .6 cm diameter (visual angle of .6°at .6 m viewing distance). One of four cueing stimuli were presented before the search display: a blue patch or a green patch (cueing the colour of the target), or a white horizontal or a white vertical bar (orientation cues). The colours of the patches (coloured circles with diameters of .8 cm, .8°) matched those of the search items, while the dimensions of orientation cues matched those of the array stimuli, but were coloured white with black edging to ensure detection against the grey background. On each trial, one of two possible targets was displayed either a blue horizontal or green vertical bar, surrounded by two distractor types; blue vertical and green horizontal bars. The dimensions of the bars were 1 cm (1°) long by .3 cm (.3°) wide. Response-defining grey symbols ('+'s or 'Â's) were equally distributed across all stimuli and positioned centrally. Details of colour levels are shown in Table 1 .
Procedure
Participants were informed of the nature of two possible targets prior to the experiment -a blue horizontal or green vertical bar. Visual reminders of the targets were also presented adjacent to the computer monitor but only during the practice phase, when eye movements and behavioural data were not recorded. On each trial, a fixation circle was presented first for 1000 ms before a visual stimulus was displayed for 200 ms whose colour or orientation may match the corresponding feature value of the following target. Participants were informed that when the cue was a green or blue patch the target was also likely to be that colour. They were also told that when the cue was a white line, the target was likely to have the same orientation. All cues matched the target 80% of the time while the target was the other colour or orientation on the remaining 20% of trials. Participants were informed of this probability. A 100 ms inter-stimulus interval (ISI) followed the cue, preceding the search array which consists of one target and eight distractors. These nine bars were presented randomly within a central invisible circle of diameter 10 cm (10°) with 12 possible positions, staggered to lessen spatial interactions between distractor stimuli. Roughly half the items included 'Â' symbols presented centrally; half included '+' symbols. The ratio of the two distractor types was manipulated as follows: two blue vertical bars and six green horizontal bars (2BV, 6GH); 4GV, 4GH; and 6BV, 2GH (see Fig. 1 ). Participants were required to indicate whether there was either an 'Â' or '+' symbol on the search target by pressing either 'Z' or 'M' on the computer keyboard. The key assignment was reversed for half the participants. There were between nine and 16 Fig. 1 . Illustrations of all types of display with blue horizontal targets (for clarity, blue items are shown as black, green as white, and 'Â' and '+' symbols are omitted). Items matching each cue type are circled. Green vertical targets could also be presented, with the coding of displays switched as appropriate.
practice trials followed by two blocks of 120 trials. Feedback was provided as follows. If the response was correct, participants heard a medium pitched sound and the word 'Correct' was displayed. If the response was incorrect, a lower note was played and the word 'Incorrect' was displayed instead. The time until participants' response was recorded (RTs), with the accuracy of the response also noted. The positions of eye movements were also recorded during the search task.
Neutral cueing trials used as a baseline condition replicated the above methodology except no pre-trial cueing stimuli were presented. Participants undertook these uncued trials in a 72-trial block separate to cued trials (see Anderson, Heinke, & Humphreys, 2012) . 
Results
Reaction times (RTs)
Trials were categorised depending on whether the target was in the minority colour or minority orientation subset. These were: colour minority/orientation majority displays (Fig. 1a) , equal displays ( Fig. 1b) , or colour majority/orientation minority displays (Fig. 1c) . Several participants required breaks mid-block, resulting in artificially long search times on the relevant trials. RTs longer than 5000 ms were therefore removed and median RTs in each condition for each participant were calculated. Group means across participants are shown in Fig. 2 . To focus on top-down processes, RTs in the cued condition were subtracted from RTs in the corresponding uncued baseline. 23). RTs were shorter on valid trials compared to invalid trials (valid cues, a benefit relative to baseline of 475 ms; invalid cues, a cost of À322 ms). There was an overall facilitation from colour cued trials compared to orientation cued trials (colour cues, a benefit of 173 ms; orientation cues, a cost of À21 ms). Such values indicate the relative strength of valid compared to invalid trials: a positive value registers a larger benefit from cues matching the target relative to the cost on invalid trials (e.g., from colour cues); negative values attest to a larger cost on invalid trials relative to a benefit from valid cues. The main effect of display type was driven by a combined cost of cueing when the target was in the minority colour subset (À52 ms, see Fig. 1a ) switching to a robust benefit when the minority of distractors matched the target orientation (165 ms, respectively: a difference of 217 ms, p = .013, see Fig. 1c ). No other comparisons reached significance (ps > .1). As in previous experiments (Anderson, Heinke, & Humphreys, 2010 , valid cues facilitated search whilst invalid cues slowed search. There was also an advantage in colour vs. orientation cues -valid colour cues presented a benefit relative to the cost on invalid colour cued trials, while the combined effect of valid and invalid cues was more balanced. Despite this difference, the impact of both types of cues varied in a similar manner with display type. When the target and the minority of distractors matched in colour (and the target and the majority of distractors matched in orientation; see Fig. 1a ), invalid information about the target, both colour and orientation, slowed search to a similar extent to the corresponding facilitation effect of valid cues. In contrast, when the target matched the minority of distractors in orientation (and the majority of distractors in colour; see Fig. 1c ), there was a larger benefit from valid cues relative to the cost from invalid target information (see Fig. 2 ). This finding suggests that effects of both colour and orientation cues may depend on stimulus-driven effects from the number of items sharing either feature with the target (e.g., colour or orientation), rather than merely directing items matching the cues. That said, these cueing effects occurred in relation to the facilitation effect in the uncued baseline to uneven displays (see neutral condition, Fig. 2 , and Anderson, Heinke, & Humphreys, 2012) . Therefore, the similar variation in cueing target colour and orientation across displays may indicate that top-down cueing processes were over-riding the stimulus-driven preference to search the smaller subset (cf. Sobel & Cave, 2002) .
Correlations
To allow comparison of the relationship of cueing effects and size of subset matching the target in colour (analysis could equally considered the size of the subset with the target orientation), linear contrasts were calculated for each type of cue. When the colour of the cue did not match the target (invalid colour cues), there was a robust decrease in the cost from invalid colour cues as the size of subset matching the target colour increased (F(1, 17) = 16.637, p < .001, partial g 2 = .495) and, corresponding, the size of the cued subset decreased (note that in Fig. 1a , the minority blue subset matched the target colour, but the majority green subset was cued by invalid colour cues). Similarly, on invalid orientation trials, the cost to RTs of the cue and target orientation not matching decreased as the number of items with the target colour increased (F(1, 17) = 4.575, p = .047, partial g 2 = .212). However, it should be noted invalid orientation cues matched the orientation of distractors with the target colour (for example, in Fig. 1a , a vertical cue matches the minority blue vertical distractors with the same colour as the target) and therefore the RT cost from cues carrying the opposite orientation to the target decreased as the size of the cued subset increased. On valid cues, however, correlations were less robust. On valid colour trials, there was a trend towards the facilitation effects increasing with the size of colour group matching the target (and the cue) relative to baseline (F(1, 17) = 4.251, p = .055, partial g 2 = .2), however, no linear trend was evident on valid orientation trials (F(1, 17) = 2.104, p = .138, partial g 2 = .11).
The variation in cueing effects on search across display types suggests that top-down processing can counteract the stimulusdriven bias towards subset search (cf. Sobel & Cave, 2002) , particularly when the cue information is invalid. For example, invalid colour information about the target may direct search to items matching the cue, before search switches to the target-containing subset, leading to a more exhaustive search when the cued subset is large. The nature of guidance from invalid orientation cueing is less clear, as the cost increases as the number of items matching the cue decreases. Valid cueing, in contrast, may be simply reinforcing bottom-up biases towards subset search evident in the absence of cues (see Anderson, Heinke, & Humphreys, 2012) , however colour cues may be more efficient in improving target selection via this stimulus-driven guidance (as evidenced in stronger benefits to RT).
Accuracy data
Accuracy effects followed RTs showing no speed-accuracy trade-off. See Table 2 for details.
Eye movement data
To give a more detailed indication of search across time, on each trial eye movements were recorded from the onset of the search array until response. A fixation was classified when the speed of the eye movement remained below 50 visual degrees per second for 100 ms. Data recorded during eye-blinks and off-screen eye movements were discarded, as were fixations detected within 80 ms of array onset (see van Zoest, Donk, & Theeuwes, 2004) . The number of fixations per trial varied depending on search efficiency. However, at least 80% of the trials from each participant contained two fixations or more. Only the first two fixations were analysed, therefore, with trials with fewer fixations removed.
On each trial, Euclidean distances between each of the first two fixations and all items in the display were calculated and the nature of the item closest to each fixation was identified. This provided an index of how search was modulated by subsets of items in the search array. The mean frequency of each participant fixating each type of stimulus was then calculated (target, a colour-related, or an orientation-related distractor) and normalised by the number of trials where there were two fixations to that display type. The frequencies were adjusted for chance, so that the probability of a random fixation directed to each item was subtracted from the relevant frequencies at both fixations. When fixations were nearest to the target, this value was 1/9 (there were nine search items). For fixations nearest to distractors, the value depended on the display type and the number of distractors with the same feature. For example, if the fixation was nearest to distractors with the target colour, the value would be 2/9 on trials to colour minority/orientation majority displays (two distractors with the same colour as the target were present; see Fig. 1a ), 4/9 on trails with equally distributed displays, and 6/9 on trials with colour majority/orientation minority displays (six distractors with the same colour as the target were present).
Group means, split by item type, are shown in Figs 3-5. To isolate the effects of cueing on the number of fixations to each item type, these values were calculated by subtracting mean frequencies in the uncued baseline 4 from the corresponding cued condition.
A positive value therefore indicates an increase in fixations relative to baseline; a negative a decrease in fixations. As the frequency of fixating different items co-varied (on a trial, if participants fixated the target they would not be looking at either type of distractor), it was not feasible to directly compare fixation number across item types (target, distractor with target colour, distractor with target orientation). The data were therefore split according to the item nearest to the fixation.
3.3.1. Target-fixations A four-factor ANOVA was undertaken (display type, fixation number, cue dimension, cue validity). There was a main effect of cue validity (F(1, 16) 
Fixations to distractors
As the number of each type of distractor varied with distractor ratio, the effects of cues on fixations to distractors were split by whether the distractor matched the target colour or target orientation, as well as by display type. This provides us with an analysis of how search is guided by either colour-or orientation-defined subsets of distractors.
3.3.2.1. Colour minority/orientation majority: Fixations to distractors with the target colour (Fig. 4) . A three-factor ANOVA (fixation number, cue dimension, cue validity) indicated main effects of cue On colour cued trials, there was a main effect of cue validity (F(1, 16) = 17.448, p < .001, partial g 2 = .552). Cues not matching the target colour decreased fixations to distractors with the target colour relative to cues with the same colour as the target (invalid cues, a decrease in fixations relative to baseline of À.13; valid cues, an increase of .028). There was also a fixation number Â cue validity interaction (F(1, 16) = 6.68 p = .02, partial g 2 = .295). On valid colour trials, the initial increase in fixations to distractors matching the target (and cue) colour (reinforcing a minority subset bias in the uncued baseline) diminished at second fixation (a difference across fixations of .263, p = .001). However, there was no similar variation when there was a mismatch between cue colour and target. T-tests comparing the effects of invalid colour cues with zero (fixation 1: t(16) = À2.625), p = .018; fixation 2: t(16) = À2.36, p = .031, both two-tailed) indicate that invalid colour cues were successful in counteracting the bias evident at baseline towards first and second fixations being directed to the minority distractors with the target colour. On trials with orientation cues, there was only a borderline significant interaction (fixation number Â cue validity: F(1, 16) = 3.357, p = .086, partial g 2 = .173). Invalid orientation cues increased first fixations to distractors with the target colour (but matching the cue: see Fig. 1a ) compared to valid cues (a difference .106, (Fig. 4) . There was a main effect of cue validity (F(1, 16) = 16.313, p < .001, partial g 2 = .505). Valid cues decreased the frequencies of fixations to distractors with the target orientation relative to invalid cues (a decrease of À.118 vs. an increase of .126, relative to baseline). The validity effect was dependent on cue dimension (cue dimension Â cue validity interaction: Analysing the data from orientation cue trials, there was a trend towards a fixation number Â cue validity interaction (F(1, 16) = 3.265, p = .09, partial g 2 = .169). On valid orientation trials, there was a reduction in second fixations to the distractor with the target orientation compared to an increase on invalid trials (a difference of .179, p = .068, see Fig. 5 ); the validity effect on first fixation did not approach significance (a difference of .003, p = .965). These results are in the opposite direction to those found from the effects of colour cues on fixations to distractors with the target colour.
3.3.2.3. Colour minority/orientation majority: Discussion. Although there was an existing bias in the baseline condition of fixations towards the minority colour subset matching the colour (see Fig. 1a ; Anderson, Heinke, & Humphreys, 2012) , colour cues matching the target increased this bias, directing fixations towards the target and the minority of distractors also matching the cue. Secondary eye movements were deployed away from the cued subset and towards the target. When cues did not match the target colour but matched the majority subset, there were robust early effects on eye movements away from the target and towards items with the cue colour, counteracting the baseline bias towards fixating the minority colour subset. Second fixations remained within the majority subset. When target and cue did not match in orientation (invalid orientation trials), opposite effects occurred. On valid cue trials there was a trend to decrease second fixations to distractors with the same orientation as the target. Note that these distractors had a common colour that also differed from that of the target. The results suggest that rather than search being guided by the orientation cue only, there is an influence of colour. For example, theories of visual selection would assume that attention is guided by the target orientation (e.g., Guided Search Theory; Wolfe, 1994) . We propose that this guidance operates on a display already parsed into colour groups. The orientation 'template' guides attention to the largest group of items carrying the target's orientation, which form the majority colour set. However, since this colour-defined homogeneous set does not contain an odd one out (the target), it can be readily rejected, and saccades are made into the other set of items -away from distractors with the target orientation. That is, search guidance operates at a second stage, after colour-based parsing of the display. We return to elaborate on this account after presenting the next results. (Fig. 4) . A three-factor ANOVA (fixation number, cue dimension, cue validity) indicated a main effect of cue validity (F(1, 16) = 11.971, p = .003, partial g 2 = .428). Cues matching the target increased fixations to distractors with the target colour compared to invalid cues (decreases, relative to baseline, of À.015 and À.087, respectively). The effect of cue validity varied across fixations (cue validity Â fixation number interaction:
Equal displays: Fixations to distractors with the target colour
F(1, 16) = 11.368, p = .004, partial g 2 = .415), and there were also cue dimension Â cue validity interaction (F(1, 16) = 13.549, p = .002, partial g 2 = .459) and a three-way interaction (F(1, 16) = 5.564, p = .031, partial g 2 = .258).
To investigate further, the data were split by cue dimension. On colour cued trials, there was a main effect of cue validity (F(1, 16) = 31.998, p < .001, partial g 2 = .667). Valid cues increased fixations to distractors with the same colour as the target (and cue) compared to invalid cues (valid cues, an increase relative to baseline .023; invalid cues, a decrease of À.135). The effect of cue validity varied across fixations (a fixation number Â cue validity interaction: F(1, 16) = 18.751, p = .001, partial g 2 = .54). On valid trials, the bias in first fixations to distractors with the target colour reduced at second fixation (a difference of .135, p = .059). On invalid trials, the large reduction in first fixations to distractors with the target colour relative to baseline, diminished at second fixation (a difference of .178, p = .024). In contrast, analysis of orientation cued trials showed no significant main effects or interactions (all Fs < 1).
Equal displays:
Fixations to distractors with the target orientation (Fig. 5 ). There was a main effect of cue validity 275). On invalid colour trials, the strong increase in first fixations relative to baseline to distractors with the (invalid) cue colour decreased at second fixation (a difference of .203, p = .018). In contrast, on valid colour trials the decrease in fixations to distractors with the wrong colour, compared to baseline, did not vary across fixations (a difference of .033, p = .541).
On orientation cue trials, there was a borderline significant fixation number Â cue validity interaction (F(1, 16) = 3.265, p = .09, partial g 2 = .169). At second fixation, there was an increase in fixations to distractors with the target orientation, following an invalid orientation cue -compared to when there was a valid orientation cues (a difference of .179, p = .068); no validity effect was evident on initial eye movements (a difference of .003, p = .965).
3.3.2.6. Equal displays: Discussion. The effects of cueing followed a similar pattern as that found with colour minority/orientation majority displays. Relative to baseline, valid and invalid colour cues directed first fixations to items matching the cue. Subsequent fixations were either directed towards the target on valid trials or switched to distractors with the target colour on invalid trials. Less robust effects were evident on orientation cue trials. Orientation cues demonstrated little effect on first fixations; however, invalid cues directed secondary eye movements to items matching the target rather than the cued feature (see Figs. 1b and 5: invalid vertical cues increased fixations to green horizontal items relative to horizontal cues). Again this result can be attributed to participants first selecting items grouped by colour. We propose that the orientation cue guides attention to the matching a set of items grouped by colour (i.e., a group that will contain the target, when the orientation cue is invalid). However, if they select the subset of that group with the cued orientation, then the target may be missed. Second fixations are then made into the other colour group, which matches the orientation of the target.
3.3.2.7. Colour majority/orientation minority: Fixations to distractors with the target colour (Fig. 4) . There was a main effect of cue dimen- 408). When the cue matched the target colour, a strong initial bias towards fixating the majority subset of distractors with the target colour reduced at second fixation, relative to baseline (a difference across fixations of .262, p = .01) where a bias away from fixating this subset was evident. On invalid colour trials, in contrast, first fixations were less likely to be to distractors with the target colour, relative to baseline, and although this bias switched to an increase at second fixation, the change did not reach significance (a difference across fixations of .06, p = .586). On orientation cue trials, there was a main effect of cue validity (F(1, 16) = 25.174, p < .001, partial g 2 = .611). More fixations were directed to distractors with the target colour on invalid compared to valid trials, (.186 and .019, respectively, see Fig. 4 ). This fits with the two-stage model. On valid cue trials, the orientation cue would provide a strong match to the minority colour group, not carrying the target colour, whose members match the cued orientation. On trials with an invalid orientation cue, attention would be directed to the large colour group matching the orientation cue (and the colour of the target). Fixations would then be made to distractors carrying the target colour.
3.3.2.8. Colour majority/orientation minority: Fixations to distractors with the target orientation (Fig. 5) . A three-factor ANOVA revealed a main effect of cue validity (F(1, 16) = 13.61, p = .002, partial g 2 = .46), and there was a borderline significant main effect of cue dimension (F(1, 16) = 3.55, p = .078, partial g 2 = .182). Cues matching the target decreased fixations to distractors with the target orientation compared to invalid trials (À.12 vs. .03), and there were marginally more fixations to distractors with the target orientation on colour cued trials compared with orientation cued trials (À.023 vs. À.066). There was also a cue dimension Â cue validity interaction (F(1, 16) = 28.275, p < .001, partial g 2 = .639).
Valid colour cues biased fixating away from distractors with the target orientation compared to valid orientation cues (a difference of .105, p < .001), although both values were below baseline (À.172 vs. À.067). A t-test indicated that valid orientation cues decreased fixations to the cued distractor relative to baseline (t(16) = À2.386, p = .004, two-tailed). In contrast, invalid colour cues increased fixations to these items compared to invalid orientation cues (a difference of .19, p = .001), with the former an increase relative to baseline (.125) and the latter a decrease (À.65).
3.3.2.9. Colour majority/orientation minority: Discussion. In the uncued baseline there was a bias towards fixating the minority orientation-defined subset. 5 As previously, colour cues directed fixations towards items matching the cue. When the cue matched the target in colour, there was robust initial guidance to the subset of items with the target colour. There was then an increase in target fixations at second fixation and, taking into account the RT data, there was an overall facilitation of search. On invalid colour trials, the cues initially directed eye movements to the minority subset of distractors matching the cue (a two item group; see Fig. 1c ). There was a trend towards subsequent fixations being re-directed towards distractors with the target colour (now the colour majority). Overall the RT cost from an invalid colour cue decreased in the colour majority/orientation minority condition compared to the colour minority/orientation majority condition (see Fig. 1a ). We attribute this to attention going to a small rather than a large colour group, which may make attentional disengagement easier. Orientation cues produced a different pattern of results. In particular, invalid cues directed initial fixations towards the majority subset of distractors matching the cue and also the target colour (see Fig. 1c ; vertical cues directed fixations to blue vertical distractors), and subsequent fixations remained within this subset and were not directed to the target. We attribute this to displays first being parsed into colour groups and then selection being directed within the group based on the orientation cue. When cue orientation matched the target and the minority subset (horizontal cues prior to displays shown in Fig. 1c) , initial eye movements were biased away from the minority matching the cue and to the majority subset matching the target in colour (the vertical blue subset) before being directed to the target. It may be that the strong orientation disparity between target and distractors within the majority colour group matching the target (horizontal blues amongst vertical blue distractors) biased search to this group. Such efficiency may explain the resultant strong benefit to RT.
Discussion
Overall data pattern
The data broadly match the pattern found in other subset and featural cueing experiments, but go beyond this by evaluating the time course of search indexed through the eye movements on each trial. Search was facilitated when cues matched the target compared to when there was a mismatch. Relative to an uncued baseline, there was a benefit on valid cues and a cost on invalid trials (cf. Anderson, Heinke, & Humphreys, 2010 . When cueing the target colour, there was a larger benefit on valid trials than the corresponding cost on invalid trials, while the effects of valid and invalid orientation cues were more balanced. The relative differences between colour and orientation cues did not vary across display type, however stronger costs from invalid cues were evident when the target was the same colour as the minority of distractors, while this bias switched -marginally larger benefits vs. costswhen the target orientation matched the minority of distractors. The variation across display type was driven by the cost on invalid trials diminishing as the number of distractors matching the target colour increased and the number of distractors with the target orientation decreased. We attribute these results to the contrasting processes by which colour and orientation cues biased search.
When considering the items matching the cue rather than the target, there were differential patterns from invalid colour and invalid orientation cues. While the slowing effects of invalid colour cues reduced as the number of distractors carrying the cue feature also decreased, the cost on invalid orientation cued trials increased as the number of items matching the cue grew smaller. Such findings suggest that colour cues direct search towards items sharing the cue colour; for example, on invalid colour trials the cue matching the larger subset results in a more extended search and increased cost relative to the uncued baseline. Importantly the data indicate that guidance from orientation cues operated via a different mechanism, in the sense that costs from invalid orientation cues were greatest when distractors matching the cue were in the minority -in colour minority/orientation majority displays compared with colour majority/orientation minority displays (Anderson, Heinke, & Humphreys, 2010 Hannus et al., 2006; Zhuang & Papathomas, 2011) . The processes involved in both types of cueing are clarified by the eye movement data which we now discuss.
Eye movement analyses 4.2.1. Target fixations
In terms of fixations to targets, there were relatively small effects of cueing on the first fixation. The main result was a 'validity effect': valid cues increased the likelihood of a target-fixation, invalid cues decreased this frequency. Clearer validity effects emerged on second fixations with the overall effect from cueing (e.g., validinvalid cues) not varying with the number of items matching the cue feature. There was also evidence of a larger effect of validity when pre-cueing target colour rather than target orientation (cf. Anderson, Heinke, & Humphreys, 2010; Müller, Riemann, & Krummenacher, 2003) .
4.2.2. Distractor fixations 4.2.2.1. Colour cueing. For fixations not directed to the target, colour cues directed eye movements to items matching the cue regardless of display type, as suggested by the RT data. When the cue and target were the same colour, initial fixations were to the cued subset of distractors, before being re-directed towards the target. Search was facilitated relative to the uncued baseline as the cue increased the likelihood of fixations being directed to the subset matching the target colour. When the minority colour subset matched the target, the pattern was somewhat diminished, reflected in reduced benefit to RTs. This may be due to a 'facilitation ceiling' being reached considering the bias towards searching the minority subset already evident in the baseline condition (see Anderson, Heinke, & Humphreys, 2012; Sobel & Cave, 2002) . On displays where the target colour matched the majority of distractors, search in uncued conditions would be directed to the target via the minority orientation subset. On valid colour trials with these displays, guidance to the target may be improved via the strong orientation disparity within the cue majority colour group (see Fig. 1c : blue horizontal target amongst blue vertical distractors).
Invalid colour cues also increased fixations to distractors matching the cue. On displays with the minority subset matching the target colour, invalid cues counteracted the baseline bias towards this target-containing group, instead directing first fixation to the majority subset not matching the target. Secondary fixations remained within this larger group with the opposite colour to the target, resulting in an increased cost to RTs. When the majority of distractors shared the target colour, invalid colour cues matched a two-distractor minority subset (see Fig. 1c : a green cues matches the green horizontal items). An initial bias towards the cued distractors switched at fixation 2 to the majority subset with the target colour (in this case the blue vertical subset). The cost to RTs was correspondingly smaller than on other display types, potentially due to the ease with which the two-item group matching the cue could be rejected, relative to when the majority colour subset matched an invalid cue (see Fig. 1a ), or due to the robust orientation disparity present in the majority group. 4.2.2.2. Orientation cueing. The effects of orientation cues are less straightforward. To simplify, we will focus on cueing effects on trials with uneven ratios. When orientation cues matched the target and the majority of distractors, initial fixations were directed to the larger subset (in Fig. 1a , this would be the horizontal green majority), contrasting this with the reduced frequency to fixate this subset in the baseline condition (see Anderson, Heinke, & Humphreys, 2012; Sobel & Cave, 2002 ). Subsequent eye movements were then guided within this group to the target. This can be explained if the displays are first parsed into colour groups. Take Fig. 1a . In the uncued baseline, attention would be drawn to the minority colour group and the target selected within this group. Following a valid orientation cue, however, attention may be drawn to the distractors in the group with the colour not matching the target, since the orientations of all those items match the cue. Take now displays with a colour majority/orientation minority (Fig. 1c) . In the absence of a cue, attention will be drawn to distractors in the minority colour group, which happen to have the target orientation (see Anderson, Heinke, & Humphreys, 2012; Shen, Reingold, & Pomplun, 2000) . Valid orientation cues matching the target may have relatively little effect, since they only reinforce attention to the distractor subset in the minority colour -as members of this colour-parsed group match the cued orientation. There will be stronger costs from invalid cues, though. Here we suppose that attention is directed to distractors within the colour-defined group containing the target, since these distractors match the cued colour. The increased resulting cost to RTs may be related to an exhaustive search of this large uncued subset. For example, a vertical cue presented prior to a display similar to the one presented in Fig. 1a initially directed search to the minority group of vertical items within the blue colour group. However, rather than aiding target detection (as evident following a smaller subset search in the baseline), fixation 2 was then directed to the majority distractor group of green horizontal distractors, presumably due to distractors being selected in the colour group first attended. The time required to complete the search was therefore increased. With an invalid orientation cue prior to a colour majority/orientation minority display, attention is guided to the distractors in the large colour group, since these items match the cue (see Fig. 1c ). Eye movements were directed to the majority group of distractors matching both the cue orientation and the target colour.
A two-stage framework for top-down guidance of attention
To account for the results we can think of search as being affected by both bottom-up and top-down factors. First there are bottom-up factors that may parse elements into sub-groups and draw attention to the smaller sub-group of distractors (e.g., Sobel & Cave, 2002) . Second, there are top-down factors, such as the activation of a template for the target (cf. Duncan & Humphreys, 1992) , that influence attentional guidance to the sub-groups (e.g., favouring the selection of the cued sub-group). Third, bottom-up and topdown factors may combine to influence the selection of the target from within a particular group of distractors. We suggest that each of these processes is differentially efficient for the dimensions of colour and orientation. For example, we propose that there is initially bottom-up parsing of the display into colour groups. This process may also be enhanced by the presence of a colour cue (Anderson, Heinke, & Humphreys, 2011) . However, within the colour-defined groups, there is selection of items based on whether they match the cued orientation. That is we suggest that search was first determined by colour-based segmentation and then by orientation-based segmentation within colour-defined groups.
Let us reassess the RT and eye movement data with this twostage (colour parsing followed by the selection of orientation-defined stimuli) proposal in mind. Within this framework, the overall larger benefit to RTs from colour rather than orientation cues may be due to the increased efficiency of directing search to cued colour subsets at a first stage of processing (and dismissing these subsets on invalid colour trials), whereas orientation cues must be applied at the second stage, when orientation disparities are computed. For example, on displays with balanced ratios (see Fig. 1b ), blue valid cues may speed search relative to baseline by cueing the blue subset matching the target. Green invalid cues may slow search by biasing search to the incorrect subset, however the cost would be reduced due to pre-existing colour grouping (see Anderson, Heinke, & Humphreys, 2012) . Orientation cues may operate by guiding attention to matching items within the colour set.
To account for the results, we discuss each of the cueing conditions in turn.
Valid colour cueing
Looking across displays, cues increased initial fixations to items matching the cue colour, relative to baseline, and subsequent eye movements were more likely to be to the target. As a consequence, one may expect valid colour cues matching the minority colour subset to increase facilitation relative to cueing the majority subset, as RTs to search restricted to fewer items should be quicker. However, search facilitation on valid colour trials varied only to a limited degree with the size of subset matching the cue. It may be that when the target matches the minority of items in colour (see Fig. 1a ), there is limited facilitation that can occur in addition to the preference to search this subset at baseline (see Anderson, Heinke, & Humphreys, 2012) . When valid colour cues matched the majority of items in colour, in contrast, the benefit to RTs was above what may be expected from restricting search to the larger subset. On these displays the target shared orientation with the minority of distractor. In the uncued baseline, there was a bias towards this orientation-based subset search which may not be optimal within a colour-grouped framework, as the target would differ in colour. Perhaps, detection of the orientation singleton target within the majority colour group (see the blue subset in Fig. 1c) is a better strategy. Hence the strong benefit to search when valid colour cues initiate this pattern of search.
The point about the bias to the orientation-based subset in the baseline should be noted, however, as this contrasted with the data we report here under the cue conditions. That is, the bias to the colour sets arose only under the top-down cueing condition. This indicates that top-down cueing of colour may directly influence the initial grouping and parsing process. It is also possible that this strategy was carried over across all the cueing trials here, due to a strong top-down influence of a colour-set across trials. Thus, even with orientation cues, a colour-bias in parsing operated.
Invalid colour cueing
The effects of invalid colour cues decreased with the number of items matching the cue. Search was slowed to a greater extent when the majority of distractors matched the cue colour (and the minority colour subset matched the target: see Fig. 1a ) compared to when the minority colour group matched the cue (see Fig. 1c ). Such a pattern suggests that the time to determine the absence of the target was linked to the size of the group matching the cue colour, before search was re-deployed to the target-containing group. The eye movement data reinforce this proposal, indicating that when invalid colour cues matched the minority subset (a green cue prior to Fig. 1a) , fixations initially directed to the cued subsets were quickly switched to uncued subsets matching the target colour. On trials in which invalid colour cues matched the majority subset (a green cue prior to Fig. 3) , however, both first and second fixations remained with the cued group, suggesting a more exhaustive search.
Orientation cueing
When cues offered information about target orientation, we posit that, following early grouping of items by colour, orientation cues led to the selection of items within the colour set that matched the cued orientation. Perhaps the strongest evidence for this comes from the eye movement data. Following invalid cues (mismatching the target orientation), initial fixations were biased to items matching the target colour rather than the cue (see Fig. 4 and 5). We attribute this to attention being guided to items matching the cue within a colour-defined set -these items would carry the target colour.
Summary
We propose that the increased efficiency of guidance following colour cues is due to search developing within items already parsed into colour groups. This colour-based parsing is driven by the colour cue, and contrasts with efficient responses to orientation disparities in baseline conditions. Orientation cues, on the other hand, enhance detection of the orientation disparity between the target and distractors within an array of items grouped by colour. We suggest these differences in the effects of colour and orientation featural cues offer important insights into how top-down instructions are implemented during conjunction search, suggesting that the search process is rapidly re-configured based on the presence of top-down cues. 
